The development of technology for the electrodeposition of aluminum alloys and beryllium  Final report by Costa, R. L.
N 7 0  2 9  3 8  5 
NASA CR 6694g 
ELECTRO-OPTICAL SYSTEMS 
A XEROX COMPANY 
PASADENA, CALIFORNIA 9 1 1 0 7  213/351-2351 
https://ntrs.nasa.gov/search.jsp?R=19700020075 2020-03-12T01:59:40+00:00Z


CONTENTS 
1. INTRODUCTION 
1.1 A b s t r a c t  
1 . 2  F o r e w o r d  
1 . 3  Summary 
1 . 4  D i s c u s s i o n  o f  R e s u l t s  
2 .  TECHNICAL DISCUSSION 
2 . 1  D e v e l o p m e n t  o f  B e r y l l i u m  P l a t i n g  S o l u t i o n  
2 . 1 . 1  D e v e l o p m e n t  o f  Be S o l u t i o n  U s i n g  M e t h y l  Magnesium 
Bromide  
2 . 1 . 2  D e v e l o p m e n t  o f  Be S o l u t i o n  U s i n g  E t h y l  Magnesium 
Bromide  
2 . 1 . 3  E x t r a c t i o n  of  D i e t h y l  B e r y l l i u m  by  Use o f  Hexane  
2 . 2  E l e c t r o d e p o s i t i o n  o f  B e r y l l i u m  
2 . 2 . 1  E l e c t r o d e p o s i t i o n  T e s t s  
2 . 2 . 2  A n a l y t i c a l  Plethi)d o f  B e r y l l i u m  D e t e r m i n a t i o n  
2 . 2  . 3  E l e c t r o l y s i s  o f  D i e t h y l  B e r y l l i u m  S o l u t i o n  
2 . 2 . 4  S t u d y  o f  E t h y l  Magnesium Bromide  R a t i o  
2 . 3  E l e c t r o d e p o s i t i o n  o f  Aluminum A l l o y s  
2 . 3 . 1  P l a t i n g  Bat l i  T e s t s  
2 . 3 . 2  A l l o y i n g  T e s t s  
2 . 3 . 3  A S t u d y  o f  A l l o y i n g  E f f e c t s  o f  Nonaluminum 
Anodes  
2 . 3 . 4  E l e c t r o l y s i s  T e s t  C o n d i t i o n s  
2 . 3 . 5  Aluminum P l a t i n g  W i t h  V a r i o u s  Anodes  
2 . 3 . 6  C e l l  V o l t a g e  M e a s u r e m e n t s  
2 . 3 . 7  C o n d u c t i v i t y  M e a s u r e m e n t s  
2 . 3 . 8  C a t h o d i c  C u r r e n t  E f f i c i e n c y  
2 . 4  Long-Term B a t h  S t a b i l i t y  T e s t s  
2 . 4 . 1  T e s t  C o n d i t i o n s  
CONTENTS ( c o n t d )  
2.4.2 P y r i d i i i e  a n d  LiAlH C o n t r o l  4 
2 .4.3 Tel i ipe ra t r i r e  C o n t r o l  
2.5 F u r t h e r  R e r y l l i i i ~ i i  Plating S o l u t i o n  S t u d i e s  
2.5.1 Bery  1 l i u m  D i a l k l y s  
2.5.2 DiterLiarv-Sutylberyllium 
2.5.3 NMR S t u d i e s  of Ditertiary-Butylberyllium 
2.5.4 A l k y  1 b t . r ~  11 i u m  H a l i d e s  
2.5.5 A l k y l b e r v l l i u n i  H y d r i d e s  
3 .  CONCLUSIONS 
SECTION 1 
INTRODUCTION 
This final report presents the work done on the research and develop- 
ment of aluminum alloys and beryllium electroforming processes under 
contract NAS1-8953 for the period 1 March 1969 through 6 February 1970. 
The laboratory studies were carried out under two major tasks, namely: 
the electrodeposition of aluminum alloys and the electrodeposition of 
bery 1 lium. 
1.1 ABSTRACT 
The objectives of this program were: to develop a beryllium plating 
solution and electrodeposit samples for further studies; to analyze 
methods of electrodepositing aluminum alloys; and to study long-term 
aluminum electrodepositing bath stability, that is, a maintainable 
bath . 
A beryllium plating solution was attained which gave very poor electro- 
deposits. 
Aluminum alloys were electrodeposited with very low percentages of 
Ti, Zn and Mn, all of which were inferior to the 100 percent Al. 
Bath stability tests showed that pyridine and LiAlH content must be 4 
controlled within specific limits. 
1.2 FOREWORD 
The work described herein was conducted by Electro-Optical Systems and 
performed under NASA Contract NAS1-8953 with Mr. Kenneth Lui as Project 
Manager. 
1.3 SUMMARY 
The objectives of this program were: to develop a beryllium plating solu- 
tion and electrodeposit samples for further study; to analyze methods 
of electrodepositing aluminum alloys; and to study long-term maintain- 
able aluminum electroplating bath stability. 
A beryllium plating bath was developed which produced very poor de- 
posits. This solution was prepared by means of hexane extraction of 
the diethyl beryllium from an ethereal solution. The hexane was then 
boiled out by means of fractional distillation. Other work on develop- 
ing this plating bath was by means 01 nuclear magnetic resonance studies, 
which gave indications of reaction intermediates; more extensive work 
is needed to understand the problems at hand. 
Aluminum alloy studies were made on anodes and different solution mix- 
tures. The anodes siudied included Al, Mg, Fe, Zn, Cu and Ni. It was 
found that aluminum anodes produced the best deposit structures. 
Aluminum alloys electrodeposited from different solution mixtures gave 
very low percentages of 'I'i, Zn and Mn, but they did not structurally 
compare to the pure aluminum deposi ts whi ch remained best . 
Bath stability tests on the aluminum plating baths showed that the best 
deposits were obtained at a pyridine concentration of 0.090M. A current 
density of 16.15 mA/cm2 was found to be preferable for good deposit 
structures. LiAlH concentration should not exceed 0.5M or porous, 4 
brittle deposits are obtained. The temperature of the bath should also 
be controlled. 
1 . 4  DISCUSSION OF RESULTS 
By means of hexane e x t r a c t i o n  o f  t h e  d i e t h y l b e r y l l i u m  compound from 
t h e  e t h e r  s o l u t i o n ,  a  p l a t i n g  s o l u t i o n  was prepared which gave good 
molar p e r c e n t  b e r y l l i u m  y i e l d s .  T h i s  shows t h a t  f u r t h e r  e f f o r t s  i n  
t h i s  a r e a  might be  f r u i t f u l .  Even though t h e  b e r y l l i u m  e l e c t r o -  
d e p o s i t s  were poor i n  s t r u c t u r e ,  i t  i s  p o s s i b l e  t o  e l e c t r o f o r m  b e r y l -  
l ium and f u r t h e r  work could  p o s s i b l y  produce c o h e r e n t ,  m e t a l l u r g i c a l l y  
sound d e p o s i t s .  Bery l l ium p a r t i c l e s  were d e p o s i t e d ,  b u t  t h e r e  was no 
adherence  between them. I f  t h e  p l a t i n g  s o l u t i o n  and c o n d i t i o n s  were  
more c l o s e l y  s t u d i e d ,  t h e s e  pa ramete rs  might become minor d e t a i l s .  NMR 
s t u d i e s  on b e r y l l i u m  compounds gave evidence o f  r e a c t i o n  i n t e r m e d i a t e s  
which,  a s  o f  now, a r e  n o t  known. They a l s o  show t h e  p o s s i b i l i t y  o f  
b a s i c  s o l u t i o n s  d i f f e r e n t  from e t h e r  which could  be  t h e  key t o  t h e  
problem. 
The aluminum a l l o y  s t u d i e s  showed t h a t  a l l o y i n g  aluminum w i t h  v a r i o u s  
o t h e r  c a t i o n s  i s  f e a s i b l e ,  b u t  d i d  n o t  show any improvements i n  t h e  
e l e c t r o d e p o s i t e d  s t r u c t u r e .  I t  s t i l l  remains t h a t  e l e c t r o d e p o s i t e d  
p u r e  aluminum i s  s t r o n g e r  than  a l l o y e d  d e p o s i t s ,  b u t  more work needs  
t o  be done.  
Bath s t a b i l i t y  h a s  been improved by means o f  c o n t r o l l i n g  t h e  p y r i d i n e  
c o n c e n t r a t i o n  a t  0.09M and LiAlH c o n c e n t r a t i o n s  a t  0 . 5 K  a long  w i t h  a  4 2 
c o n t r o l l e d  c u r r e n t  d e n s i t y  a t  16.15 m ~ / c m  . The tempera tu res  o f  t h e  
b u l k  s o l u t i o n  and ca thode  s u r f a c e  could be c o n t r o l l e d  and a  c o r r e l a -  
t i o n  e s t a b l i s h e d  so  t h e  e a s i l y  c o n t r o l l e d  b a t h  t empera tu re  can be  
moni tored i n s t e a d  of t h e  ca thode  s u r f a c e  t empera tu re .  
SECTION 2  
TECHNICAL DISCUSSION 
2 . 1  DEVELOPMENT OF BERYLLIUM PLATING SOLUTION 
2 . 1 . 1  DEVELOPMENT OF Be SOLUTION USING METHYL MAGNESIUM BROMIDE 
The f i r s t  s t e p  o f  t h e  development work was t h e  p r e p a r a t i o n  o f  t h e  
e t h e r e a l  BeC12 s o l u t i o n .  The a v a i l a b l e  commercial form o f  BeCl i s  2  
g r a n u l a r  and had t o  be  ground, by mor ta r  and p e s t l e ,  i n t o  a  f i n e  powder. 
I t  was found t h a t  t h e  anhydrous e t h e r  con ta ined  enough w a t e r  t o  c a u s e  
d i f f i c u l t i e s  i n  d i s s o l v i n g  t h e  anhydrous BeCl t h e r e f o r e ,  t h e  d i e t h y l  2  ' 
e t h e r  was r e d i s t i l l e d  over  sodium meta l  t o  ensure  a b s o l u t e  d r y n e s s .  
With t h e  combinat ion o f  f i n e  BeCl and t h e  r e d i s t i l l e d  e t h e r ,  a  s a t u -  2 
r a t e d  e t h e r e a l  BeCl s o l u t i o n  was o b t a i n e d  by add ing  t h e  BeCl powder 2  2  
i n t o  t h e  e t h e r  i n  10-gram p o r t i o n s .  Each p o r t i o n  was added a f t e r  t h e  
p rev ious  p o r t i o n  had complete ly  d i s s o l v e d .  I t  took f o u r  days t o  p re -  
p a r e  one l i t e r  o f  t h e  s a t u r a t e d  s o l u t i o n  which was analyzed t o  be 2.83M 
i n  BeCl 2  ' 
The second s t e p  o f  t h e  development work was t o  add magnesium Grignard 
t o  t h e  e t h e r e a l  BeCl s o l u t i o n .  Two h u n d r e d - f i f t y  mls o f  3.OM e t h e r e a l  2  
methyl magnesium bromide s o l u t i o n  was added t o  137 mls o f  2.83M BeCl 2  
i n  e t h e r ,  y i e l d i n g  a n  exothermic  r e a c t i o n .  
The t h i r d  s t e p  was t o  remove t h e  excess  e t h e r  by p u l l i n g  a  5.0 mm Hg 
vacuum f o r  a  p e r i o d  of four  h o u r s .  The l a s t  s t e p  was t h e  s e p a r a t i o n  
o f  t h e  d imethy l  b e r y l l i u m - e t h e r  complex from the  excess  Grignard by 
0 
vacuum d i s t i l l a t i o n  a t  38 ~ 1 0 . 1  mm Hg. 
The reduced-pressure distillation operation for the separation of 
dimethyl beryllium was conducted inside the glove box to avoid expo- 
sure to the atmosphere. Two hundred-fifty ml of 3.OM ethereal methyl 
magnesium bromide was added to 137 ml of 2.83M BeCl ethereal solution. 2 
The excess ether was removed by pulling a 5.0 mm Hg vacuum for several 
days. The dimethyl beryllium-ether complex was separated from the 
reacting mixture by vacuum distillation. White crystalline powder was 
collected in the condenser and receiving flask. This powder was subse- 
quently dissolved in added diethyl ether. Upon electrolysis of the 
solution, a thin greyish deposit was observed on the cathode. The cell 
2 
voltage was 50V at a current density of 0.5 m ~ / c m  . 
2.1.2 DEVELOPMENT OF Be SOLUTION USING ETHYL MAGNESIUM BROMIDE 
The above development work was repeated with ethyl magnesium bromide 
in place of methyl magnesium bromide. Two hundred-fifty ml of 3.OM 
ethereal ethyl magnesium bromide was slowly added to 137 ml of 2.83M 
BeCl ethereal solution. The excess ether was again removed by pull- 2 
ing and maintaining a vacuum of 5 mm Hg for a period of four days. 
Separating the diethyl beryllium-ether complex from the reaction 
products, a thick slurry, was accomplished by heating the reactor and 
regulating it through the use of a powerstat. A colorless liquid, 
0 
which condensed at 50 to 55 C at about 3 mm Hg, was collected in the 
receiving flask. This was the diethyl beryllium-ether complex. It 
0 did not freeze upon cooling down to 2 C. 
2.1.3 EXTRACTION OF DIETHYL BERYLLIUM BY USE OF HEXANE 
By extraction of the thick slurry with a selective solvent, the di- 
ethyl beryllium was isolated from the other reaction products (MgBr 2 ' 
MgCI2 and BeCl ) by filtration. The inorganic halides are insoluble 2 
in hexane, and it was appropriate both in terms of selectivity and 
of boiling point. 
The t h i c k  s l u r r y  m i x t u r e  was e x t r a c t e d  w i t h  hexane,  and a  r e s u l t a n t  
m i x t u r e  was f i l t e r e d .  The f i l t r a t e  con ta ined  d i e t h y l  b e r y l l i u m  and 
e t h y l  magnesium bromide,  b o t h  s o l u b l e  i n  hexane.  S i n c e  a n  e x c e s s  o f  
b e r y l l i u m  c h l o r i d e  was added,  a l l  t h e  e t h y l  magnesium bromide (hope- 
f u l l y )  r e a c t e d  and none was l e f t  t o  go i n t o  s o l u t i o n  when t h e  t h i c k  
s l u r r y  was e x t r a c t e d  w i t h  hexane.  The n e x t  s t e p  took advan tage  of 
t h e  d i f f e r e n c e  i n  b o i l i n g  p o i n t s  between t h e  d i e t h y l  b e r y l l i u m  and t h e  
hexane.  The f i l t r a t e  was d i s t i l l e d  under s l i g h t  vacuum. The hexane 
was r a p i d l y  d i s t i l l e d  away w i t h  t h e  r e s i d u e  be ing  d i e t h y l  b e r y l l i u m .  
The percen tage  o f  t h e  t h e o r e t i c a l  y i e l d  was 61  p e r c e n t .  The p e r c e n t a g e  
could  have been i n c r e a s e d  by r e p e a t e d  e x t r a c t i o n s .  
2 . 2  ELECTRODEPOSITION OF BERYLLIUM 
2.2 .1  ELECTRODEPOSITION TESTS 
The d i e t h y l  b e r y l l i u m  e t h e r  complex was e l e c t r o l y z e d  i n  smal l  t e s t  
c e l l s  w i t h  p la t inum e l e c t r o d e s ,  spaced a t  approx imate ly  3  mm a p a r t .  
R e s u l t s  of t h e s e  t e s t s  a r e  summarized i n  t h e  fo l lowing  t a b u l a t i o n :  
Current  C e l l  
T e s t  Densi ty  Vol tage 
NO.  E l e c t r o l y t e  nA/cm2 V o l t s  R e s u l t s  
1. Equal volume mix ture  6 .5  5 0 Black powdery d e p o s i t .  
of d i e t h y l  b e r y l l i u m -  P a r t i a l l y  r e a c t i v e  w i t h  
e t h e r  complex and a n -  w a t e r .  
hydrous e t h e r .  Approx- 
imate ly  3M i n  E t  Be 2  
2 .  Equal volume m i x t u r e  1.2 5  Black d e p o s i t .  More 
o f  d i e t h y l  b e r y l l i u m -  c o h e r e n t  than  d e p o s i t  
e t h e r  complex and 2.8M from No. 1. P a r t i a l l y  
BeC 1 e t h e r  ea 1 2  r e a c t i v e  w i t h  w a t e r ,  
s o l u t i o n .  c o n t a i n i n g  31% Be. 
3 .  Same s o l u t i o n  used i n  2 .3  7 Black d e p o s i t .  Same 
t e s t  No. 2  appearance a s  those  
o b t a i n e d  from t e s t  
No. 2 .  P a r t i a l l y  r e -  
a c t i v e  w i t h  w a t e r ,  
c o n t a i n i n g  59.2% Be. 
Curren t  
T e s t  Densi t y  
N O .  E l e c t r o l y t e  ~ A I c ~  2  
4 .  Equal volume mix ture  2 . 4  
o f  d i e t h y l  be ry l l ium-  
e t h e r  complex and 
t e t r a h y d r o f u r a n .  
5 .  Mixture  o f  1 p a r t  o f  2.5 
d i e t h y l  b e r y l l i u m -  
e t h e r  complex t o  2  
p a r t s  o f  t e t r a h y d r o -  
f u r a n .  
6 .  Equal volume mix ture  2 .4  
o f  d i e t h y l  b e r y l l i u m -  
e t h e r  complex, 2.8M 
BeCl e t h e r e a l  s o l u -  2  
t i o n  and t e t r a h y d r o -  
f u r  a n .  
7 .  M i x t u r e o f 2 p a r t s o f  2 . 4  
d i e t h y l  b e r y l l i u m -  
e t h e r  complex t o  1  
p a r t  t e t r a h y d r o f u r a n .  
C e l l  
Vol tage  
V o l t s  R e s u l t s  
5.5-6 Dark d e p o s i t .  Coheren t ,  
p a r t i a l l y  r e a c t i v e  w i t h  
wa te r  c o n t a i n i n g  56.7% 
Be. 
12-17 Dark d e p o s i t .  Coherent ,  
p a r t i a l l y  r e a c t i v e  w i t h  
w a t e r ,  c o n t a i n i n g  52.2% 
Be. 
50 Dark d e p o s i t .  Coherent ,  
p a r t i a l l y  r e a c t i v e  w i t h  
w a t e r .  
3 .7 -4 .5  Cark d e p o s i t .  Coherent ,  
p a r t i a l l y  r e a c t i v e  w i t h  
w a t e r ,  c o n t a i n i n g  61% Be. 
I n  t h e  f i r s t  t e s t  b l a c k  powdery d e p o s i t s  were ob ta ined  on b o t h  anode 
and ca thode .  These d e p o s i t s  f e l l  from t h e  e l e c t r o d e  upon washing,  and 
p o r t i o n s  of t h e  c a t h o d i c  d e p o s i t s  r e a c t e d  w i t h  the wash w a t e r .  The 
u n r e a c t e d  p o r t i o n  was then d i s s o l v e d  i n  d i l u t e d  H C 1 .  
I n  t h e  second t e s t ,  b l a c k  d e p o s i t s  were a g a i n  ob ta ined  on b o t h  anode 
and ca thode .  The c a t h o d i c  d e p o s i t  was much more coheren t  than t h o s e  
from t h e  f i r s t  t e s t .  P o r t i o n s  o f  t h e  c a t h o d i c  d e p o s i t  a l s o  r e a c t e d  
w i t h  wa te r  d u r i n g  washing.  The unreac ted  p o r t i o n  was then d i s s o l v e d  
i n  d i l u t e d  H C 1  and was analyzed f o r  b e r y l l i u m  c o n t e n t .  
The s o l u t i o n  from t h e  second t e s t  was e l e c t r o l y z e d  a g a i n  w i t h  c l e a n  
e l e c t r o d e s  i n  o r d e r  t o  de te rmine  i f  " s i d e  r e a c t i o n s "  occur red  o n l y  
d u r i n g  i n i t i a l  e l e c t r o l y s i s  o f  t h e  e l e c t r o l y t e .  The same r e s u l t s  were 
o b t a i n e d  i n d i c a t i n g  no important  s i d e  r e a c t i o n s  . 
LLJ 
I n  a l l  t e s t s ,  b l a c k  coheren t  d e p o s i t s  were o b t a i n e d  upon e l e c t r o l y s i s .  
These d e p o s i t s  were  p a r t i a l l y  r e a c t i v e  w i t h  wa te r  d u r i n g  washing.  
P o r t i o n s  t h a t  d i d  n o t  r e a c t  w i t h  w a t e r  were  ana lyzed  f o r  b e r y l l i u m  
c o n t e n t .  There  was v e r y  l i t t l e  d i f f e r e n c e  i n  appearance  between t h e  
d e p o s i t s .  However, t h e  b e r y l l i u m  c o n t e n t  v a r i e d  from 3 1  p e r c e n t  t o  
6 1  p e r c e n t .  They a l l  appeared t o  be  m e t a l l i c  under o b s e r v a t i o n  w i t h  
a  microscope.  
2.2.2 ANALYTICAL METHOD OF BERYLLIUM DETERMINATION 
The amount o f  b e r y l l i u m  i n  t h e  d e p o s i t s  was determined through c o l o r i -  
1 
m e t r i c  method u s i n g  p-n i t ro -benzeneazo-orc ino l  a s  t h e  i n d i c a t o r .  
Bery l l ium d e p o s i t s  were  d i s s o l v e d  i n  a  smal l  amount o f  10 p e r c e n t  H C 1  
and t h e n  d i l u t e d  t o  500 m l  i n  a  v o l u m e t r i c  f l a s k .  Ten m l  o f  sample 
s o l u t i o n  was t r a n s f e r r e d  t o  a  25 m l  vo lumet r ic  f l a s k ,  t o  which 2.7 m i l s  
o f  2.ON sodium hydroxide and 5  m i l s  of 0.64M b o r i c  a c i d  and e x a c t l y  
6  m l  o f  dye s o l u t i o n  was added.  (The dye s o l u t i o n  was p repared  by 
s t i r r i n g  mechan ica l ly  f o r  s e v e r a l  h o u r s ,  0.025g of p-ni t robenzeneazo-  
o r c i n o l  w i t h  100 m l  o f  0.10N sodium hydroxide and t h e n  f i l t e r i n g . )  1 
Water was added t o  t h e  mark. The t r a n s m i t t a n c e  was determined a t  525 mp. 
S t a n d a r d s  were prepared by d i s s o l v i n g  13.00 mg samples of b e r y l l i u m  
m e t a l  i n  smal l  amounts of 10 p e r c e n t  H C l  and then  d i l u t i n g  t o  v a r i o u s  
c o n c e n t r a t i o n s  i n  vo lumet r ic  f l a s k s .  A s t andard  c u r v e  i s  g i v e n  i n  F i g .  1. 
From t h e  t a b u l a t i o n ,  i t  can be seen  t h a t  b e r y l l i u m  c o n t e n t  i n c r e a s e d  
(from 3 1  p e r c e n t  t o  59 p e r c e n t )  i n  t h e  d e p o s i t s  d u r i n g  s u c c e s s i v e  
e l e c t r o l y s i s  o f  t h e  same e l e c t r o l y t e  ( t e s t  Nos. 2  and 3 ) .  
1 C o l o r i m e t r i c  De te rmina t ion  o f  Traces  of Meta l s ,  3 rd  e d i t i o n  p. 314, 
E. B .  S a n d e l l ,  I n t e r s c i e n c e  P u b l i s h e r s ,  I n c . ,  New York, 1965. 
2.2.3 ELECTROLYSIS OF DIETHYL BERYLLIUM SOLUTION 
Work was done in electrolyzing diethyl beryllium dissolved in various 
organic solvents. The results of these experiments are presented in 
Table I. Since a metal mandrel is used as the cathode for electro- 
depositing beryllium, the metal mandrel should be selectively dissolved. 
A low-melting alloy was tested as the mandrel for electrodepositing the 
beryllium, mainly for ease of removal. No difference in the quality of 
beryllium deposited on the low-melting alloy compared to other metallic 
mandrels, such as copper and platinum, occurred. The cohesiveness and 
thickness of the beryllium deposits attained did not have adequate 
physical properties to prevent crumbling when the low-melting alloy 
mandrel was melted away, so no analytical tests were performed. 
2 . 2 . 4  STUDY OF ETHYL MAGNESIUM BROMIDE RATIO 
Another formulation using a lower ratio of ethyl magnesium bromide to 
BeCl was tried. Two hundred twenty-five ml of 3M ethyl magnesium 2 
bromide ethereal solution was slowly added to 150 ml of 2.7M BeCl 2 
ethereal solution. The diethy 1 bery llium-ether complex was separated 
by vacuum distillation. Three parts of the diethyl beryllium-ether 
complex were then mixed with one part of tetrahydrofuran and electrolyzed. 
The results are summarized in the following tabulation (test Nos. 8, 
9, 10): 
TABLE I 
RESULTS OF ELECTROLYZING SEVERAL SOLUTIONS OF DIETHYL BERYLLIUM 
C u r r e n t  
T e s t  DensiSy Vol tage ,  
No. E l e c t r o l y t e  E l e c t r o d e s  I ~ I A / C ~  V o l t s  Remarks 
11. 2  p a r t s  of E t  Be Low m.p. a l l o y  2 . 5  2 . 5 - 3 . 2  Anode s u r f a c e  cor roded  and t u r n e d  
+ 0 p a r t  o f  T6F coa ted  copper d a r k .  A l i g h t  brown c loud  s u r -  
anode and ca thode  rounded t h e  anode.  Black c o h e r e n t  
d e p o s i t  on anode,  p a r t i a l l y  r e a c -  
t i v e  w i t h  w a t e r  d u r i n g  washing.  
No improvement i n  t h e  q u a l i t y  o f  
d e p o s i t .  
1 2 .  2  p a r t s  of Et2Be Copper ca thode  2 . 4  3 . 2  Black c o h e r e n t  d e p o s i t  on anode,  
+ 1 p a r t  o f  THF and P t  anode p a r t i a l l y  r e a c t i v e  w i t h  w a t e r  
d u r i n g  washing.  No improvement 
i n  t h e  q u a l i t y  o f  d e p o s i t .  
13. 2  p a r t s  of Copper ca thode  5 . 0  3 . 7 - 4 . 0  Black c o h e r e n t  d e p o s i t  on anode ,  
a n i s o l e  was and P t  anode p a r t i a l l y  r e a c t i v e  w i t h  w a t e r  
added t o  n i n e  d u r i n g  washing.  No improvement 
p a r t s  of s o l u -  i n  t h e  q u a l i t y  o f  d e p o s i t .  
t i o n  from No. 12 
C u r r e n t  
T e s t  D e n s i t y  
No. E l e c t r o l y t e  mfI/cm2 
8 .  M i x t u r e o f 3 p a r t s o f  2.6 
d i e t h y  1 b e r y l l i u m -  
complex t o  1 p a r t  of  
t e t r a h y d r o  f u r a n  
9 .  Same s o l u t i o n  a s  2.6 
No. 8 
10 .  Same s o l u t i o n  a s  2 .3  
No. 9 
C e l l  
Vo 1 t a g e  
V o l t s  R e s u l t s  
3 .2  Dark c o h e r e n t  d e p o s i t ,  
t r e e d ,  p a r t i a l l y  r e -  
a c t i v e  w i t h  w a t e r .  
3 .2  Dark, c o h e r e n t  d e p o s i t ,  
t r e e d ,  p a r t i a l l y  r e -  
a c t i v e  w i t h  w a t e r .  
7 .3-10.5  Dark d e p o s i t .  Powdery 
on s u r f a c e .  P a r t i a l l y  
r e a c t i v e  w i t h  w a t e r .  
I t  i s  assumed t h a t  f u r t h e r  d e c r e a s i n g  t h e  r a t i o  of  t e t r a h y d r o f u r a n  t o  
d i e t h y l  b e r y l l i u m - e t h e r  complex i n  t h e  e l e c t r o l y t e  would f u r t h e r  de-  
c r e a s e  t h e  c e l l  v o l t a g e ,  b u t  no improvement on t h e  q u a l i t y  o f  t h e  d e p o s i t  
would b e  o b t a i n e d .  The d e p o s i t s  appear  t o  be v e r y  rough and t r e e s  were  
obse rved  over  t h e  e n t i r e  s u r f a c e .  S p e c t r o g r a p h i c  a n a l y s i s  showed t h a t  
t h e  major c o n s t i t u e n t  of  t h e s e  d e p o s i t s  was b e r y l l i u m .  
2 . 3  ELECTRODEPOSITION OF ALUMINUM ALLOYS 
2 . 3 . 1  PLATING BATH TESTS 
Modif ied  t e s t  c e l l s  and t h e i r  r e s e r v o i r s ,  F i g .  2 ,  a s  w e l l  a s  a  c o n s t a n t  
t e m p e r a t u r e  b a t h  were assembled and t e s t e d .  The f o l l o w i n g  p l a t i n g  b a t h s  
were  s u b j e c t e d  t o  t e s t :  
@ Standard  aluminum p l a t i n g  b a t h  w i t h  and w i t h o u t  L i A l H  4 ' 
e 0.090M p y r i d i n e  i n  s t a n d a r d  aluminum p l a t i n g  s o l u t i o n  w i t h  
and w i t h o u t  LiAlH a d d i t i o n .  4 
Each p l a t i n g  b a t h  was e l e c t r o l y z e d  f o r  approx imate ly  20 ampere hours  
and a l l  d e p o s i t s  appeared t o  be normal w i t h  e l e c t r o l y t e  t empera tu res  
k e p t  a t  18 G O C .  
A .  PRESSURE GAGES 
B. N2 LINES 
C .  VACUUM LINES 
D .  Li Al Hq ADDITION PORT 
E .  SIDE GLASSES 
Figure 2. Schematic of Test Cell and Reservoir 
Aluminum p l a t i n g  b a t h s  w i t h  Mg, Mn, T i  and Z r  s a l t  a d d i t i v e s  were  
p repared  and t e s t e d  i n  t h e  modi f i ed  t e s t  c e l l s .  The r e s u l t s  a r e  d i s -  
cussed  below. 
2 .3 .2  ALLOYING TESTS 
Anhydrous MgBr2 i s  r e a d i l y  s o l u b l e  i n  s t a n d a r d  aluminum p l a t i n g  s o l u -  
t i o n  (APS). A s o l u t i o n  c o n t a i n i n g  0.6M of  MgBr i n  s t a n d a r d  APS was 2  
p r e p a r e d  and e l e c t r o l y z e d .  No a p p a r e n t  v a r i a t i o n  on t h e  d e p o s i t  was 
obse rved .  S p e c t r o g r a p h i c  a n a l y s i s  gave no p o s i t i v e  i d e n t i f i c a t i o n  of  
magnesium i n  t h e  d e p o s i t .  
Anhydrous MnI i s  o n l y  s l i g h t l y  s o l u b l e  i n  s t a n d a r d  APS. A s a t u r a t e d  2  
MnI s o l u t i o n  (0.16M) i n  APS was p r e p a r e d .  Upon e l e c t r o l y s i s ,  a  v e r y  2  
b r i t t l e  m e t a l l i c  d e p o s i t  o f  f i n e  g r a i n  was o b t a i n e d .  I t  i s  s u s p e c t e d  
t h a t  t h e  s a l t  c o n c e n t r a t i o n  was too  h i g h .  D i l u t i o n  w i t h  s t a n d a r d  APS 
t o  t h e  r a t i o s o f  2 : 1 ,  5 : 1 ,  1 0 : 1 ,  20 :1 ,  3 0 : l  and 6 0 : l  was made. None 
o f  t h e s e  s o l u t i o n s  y i e l d e d  good aluminum d e p o s i t s .  The b e s t  d e p o s i t s  
were  o b t a i n e d  w i t h  t h e  l a s t  d i l u t i o n  r a t i o  g i v e n ;  s p e c t r o g r a p h i c  a n a l -  
y s i s  showed t h e  d e p o s i t  c o n t a i n e d  0 .028 p e r c e n t  o f  Mn. 
Anhydrous T i c 1  i s  o n l y  s l i g h t l y  s o l u b l e  i n  s t a n d a r d  APS, y i e l d i n g  a  3 
dark-co lo red  s o l u t i o n .  A s a t u r a t e d  s o l u t i o n  was p r e p a r e d .  Upon 
e l e c t r o l y s i s ,  a  v e r y  s o f t ,  g r a n u l a r  m e t a l l i c  d e p o s i t  was o b t a i n e d .  
S p e c t r o g r a p h i c  a n a l y s i s  showed t h a t  t h e  d e p o s i t  c o n t a i n e d  0 .015  p e r -  
c e n t  o f  T i .  
Anhydrous Z r C l  d i s s o l v e d  i n  s t a n d a r d  APS y i e l d e d  a  da rk  c o l o r e d  s o l u -  4 
t i o n .  A 0.27M s o l u t i o n  was p repared .  Upon e l e c t r o l y s i s ,  a  g r e y i s h  
b r i t t l e  m e t a l l i c  d e p o s i t  w i t h  f i n e  g r a i n  was o b t a i n e d .  I t  was s u s -  
p e c t e d  t h a t  t h e  s a l t  c o n c e n t r a t i o n  was t o o  h i g h .  D i l u t i o n  w i t h  s t a n -  
da rd  APS t o  t h e  r a t i o s  o f  2 :1 ,  and 5 : l  was made. These s o l u t i o n s ,  
upon e l e c t r o l y s i s ,  y i e l d e d  a  s l i g h t l y  h a r d e r  d e p o s i t .  S p e c t r o g r a p h i c  
a n a l y s i s  o f  t h e  d e p o s i t  o b t a i n e d  from t h e  l a s t  s o l u t i o n s  c o n t a i n e d  
0.02 p e r c e n t  o f  Z r .  
2 .3 .3  A STUDY OF ALLOYING EFFECTS OF NONALUMINUM ANODES 
The u s e  o f  m e t a l s  o t h e r  t h a n  aluminum was e v a l u a t e d  a s  anodes t o  a s -  
c e r t a i n  i f  any a l l o y i n g  e f f e c t  could  be found i n  t h e  aluminum d e p o s i t s .  
The u s e  o f  i n s o l u b l e  o r  o n l y  p a r t i a l l y  s o l u b l e  anodes ,  i n  p l a c e  o f  
aluminum anodes ,  was observed t o  have a  v i s i b l y  d e l e t e r i o u s  e f f e c t  upon 
t h e  aluminum p l a t i n g  s o l u t i o n  and t h e  aluminum e l e c t r o d e p o s i t s .  The 
o r d e r  of d e c r e a s i n g  anod ic  s o l u b i l i t y  was found t o  be a s  f o l l o w s :  
A1 > Mg ( e s t )  :, Fe > Zn > Cu > N i .  The anode w i t h  t h e  lowest  c u r r e n t  
e f f i c i e n c y  was n i c k e l  (0.48 p e r c e n t ) ,  w h i l e  i r o n  had t h e  h i g h e s t  
( 3 6 . 1  p e r c e n t )  n o t  c o n s i d e r i n g  A 1  and Mg. The anodic  c u r r e n t  e f f i c i e n c y  
o f  magnesium was n o t  determined b u t  i t  i s  e s t i m a t e d  t o  be h i g h e r  t h a n  
t h a t  f o r  i r o n .  A r e d u c t i o n  o f  c a t h o d i c  c u r r e n t  e f f i c i e n c y  was observed 
t o  accompany reduced anode c u r r e n t  e f f i c i e n c y :  A 1  > Mg ( e s t )  > Fe > Cu 
> Zn > N i .  Accep tab le  aluminum e l e c t r o d e p o s i t s  were o b t a i n e d  on ly  when 
u s i n g  anodes of aluminum, magnesium and z i n c .  The u s e  o f  z i n c  anodes 
caused t h e  aluminum e l e c t r o d e p o s i t  t o  be c o n s i d e r a b l y  rougher  t h a n  u s u a l .  
S i n c e  none of t h e  anodes y i e l d e d  a n  e l e c t r o d e p o s i t  comparable t o  t h a t  
o b t a i n e d  from aluminum anodes ,  no q u a l i t a t i v e  t e s t s  were made t o  d e t e r -  
mine any a l l o y i n g  c o n t e n t s  o f  t h e  e l e c t r o d e p o s i t s  or  o f  t h e  s o l u t i o n s  
t o  de te rmine  Fe ,  Zn, Cu, o r  N i  i o n  c o n t e n t s .  The d e t a i l s  of t h i s  s tudy  
a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
2 . 3 . 4  ELECTROLYSIS TEST CONDITIONS 
The anodes s t u d i e d  inc luded  n i c k e l ,  i r o n ,  copper ,  magnesium, and 
e l e c t r o d e p o s i t e d  z i n c .  A  t e s t  c e l l  w i t h  a  6061 aluminum anode was 
used a s  a  c o n t r o l .  E l e c t r o l y s i s  was c a r r i e d  o u t  i n  s m a l l  g l a s s  t e s t  
c e l l s  under t h e  f o l l o w i n g  c o n d i t i o n s :  
Temperature 
C u r r e n t  Dens i ty  
E l e c t r o d e  Spacing 
S o l u t i o n  Volume 
E l e c t r o l y s i s  Time 
Cathode 
E l e c t r o l y t e  
Ambient (23-25 '~)  
20 mA/cm 2  
6 .5  mm 
60 cm 3  
15 h r  a t  150 mA (2 .25 A-hr) 
(3 .8  cm x  1 .9  cm i n  a r e a )  
AP S  
2.3.5 ALUMINUM PLATING WITH VARIOUS ANODES 
The t e s t  r e s u l t s  u s i n g  v a r i o u s  anodes a r e  p resen ted  i n  Table  11. 
The most s o l u b l e  anode m a t e r i a l  ( o t h e r  t h a n  aluminum) was i r o n  (35 
p e r c e n t  based on two e l e c t r o n  t r a n s f e r s )  which,  a s  a n  e lement ,  r e sembles  
aluminum q u i t e  c l o s e l y  i n  i t s  chemical  p r o p e r t i e s .  I t  was noted t h a t  a  
c o n s i d e r a b l e  amount of w h i t e  p r e c i p i t a t e  was formed a t  t h e  i r o n  anode 
d u r i n g  t h e  c o u r s e  of t h e  t e s t .  
The anod ic  c u r r e n t  e f f i c i e n c y  o f  z i n c  was on ly  abou t  o n e - t h i r d  t h a t  
o f  i r o n .  
The anod ic  c u r r e n t  e f f i c i e n c y  o f  copper was observed t o  be  2.94 per -  
c e n t .  The copper anode was covered w i t h  a  b l a c k ,  b r i t t l e  c r u s t  d u r i n g  
e l e c t r o l y s i s .  The c r u s t  was found t o  be w a t e r  s o l u b l e ,  and i n  p h y s i c a l  
appearance resembled copper o x i d e ,  b u t  CuO i s  n o t  w a t e r  s o l u b l e .  
TABLE I1 
ANODE TEST DATA (2.25 A-HR TEST) 
'TI 
z. C o n d u c t i v i t y  Anode Cathode 
P-, ' c e l l  ~t F A f t e r  2.25 A-hr Weight Anode Cur ren t  
1.12A-Hr -3  -1 -1 Loss Cur ren t  E f f i c i e n c y  
Anode ( V o l t s )  (XI0 n cm) ( g )  E f f i c i e n c y  (%) Remarks 
Black,  powdery, poor d e p o s i t .  
Anode covered w i t h  brown, 
r u b b e r y  f i l m .  
Black ,  "burned", powdery de-  
p o s i t .  C o n s i d e r a b l e  anode 
c o r r o s i o n  w i t h  much w h i t e  
p p t .  a t  anode.  
Good A 1  d e p o s i t ;  good back-  
s i d e  coverage  ( r i b b o n ) .  Thin  
anode s e v e r e l y  cor roded  caus -  
i n g  l o s s  o f  c o n t a c t  d u r i n g  
e l e c t r o l y s i s .  
S t r e s s e d ,  da rk-gray  d e p o s i t .  
,Reduced b a c k s i d e  coverage .  
Anode covered b l a c k  c r u s t .  
Good A 1  d e p o s i t ;  good back- 
s i d e  coverage .  C o n s i d e r a b l e  
anode c o r r o s i o n .  
T y p i c a l  s o f t  A1 d e p o s i t .  
Nickel  had the  lowest anodic c u r r e n t  e f f i c i e n c y  of t he  meta ls  eva lua ted  
i n  APS, (0.48 percent  f o r  two e l e c t r o n  t r a n s f e r s )  and i s  very  n e a r l y  an 
11 i n e r t i '  anode. Apparently,  organic  ox ida t ion  r e a c t i o n s  predominate a t  
the  n i c k e l  anode, a s  i t  was covered wi th  a  brown rubber - l ike  f i l m  which 
was i n s o l u b l e  i n  water .  
2 . 3 . 6  CELL VOLTAGE MEASUREMENTS 
Measurement of c e l l  vo l t ages  during e l e c t r o l y s i s  gave a  measure of t h e  
anode p o l a r i z a t i o n  c h a r a c t e r i s t i c s  and APS condi t ion  a s  w e l l .  There 
was no d i r e c t  c o r r e l a t i o n  between c e l l  vo l t age  and anodic cu r r en t  e f f i -  
c iency,  a l though the  h ighes t  c e l l  vo l t age  was observed f o r  t he  case  of 
the  n i c k e l ,  the  most i n e r t  anode m a t e r i a l  of the s tudy.  For example, 
the  h igh ly  s o l u b l e  i r o n  anode a l s o  had a  high c e l l  vo l t age .  However, 
the  b e s t  aluminum e l e c t r o d e p o s i t s  were obtained f o r  the  ca ses  of t he  
c e l l s  w i th  the  lower vol tages  ( i . e . ,  Mg, Zn, Cu, and of course ,  A 1  
anodes) . 
Although i n i t i a l l y  some of the  c e l l s  ( e . g . ,  N i  and Cu) exhib i ted  s i m i l a r  
c e l l  vo l t ages ,  r e l a t i v e  t o  the  c o n t r o l ,  these  values increased  toward 
the  end of the  run due t o  d e t e r i o r a t i o n  of the APS, changes i n  the  anode 
su r f ace ,  and nonconducting f i lms which covered the anode su r f aces .  
The i r o n  anode exhib i ted  h igh  i n i t i a l  and terminal  c e l l  vo l t ages ,  i n d i c -  
a t i v e  of ex t ens ive ,  continuous anodic p o l a r i z a t i o n .  The anode of 
e l ec t rodepos i t ed  z inc  a l s o  exhib i ted  a  high i n i t i a l  c e l l  vo l tage  which 
sharp ly  decreased a f t e r  l e s s  than an hour of e l e c t r o l y s i s .  This i s  
a t t r i b u ~ e d  t o  i n i t i a l  formation of an in so lub le  ZnH f i lm on the anode, 2 
poss ib ly  by the  following r e a c t i o n :  
2  . 3 .7  CONDUCTIVITY MEASUREMENTS 
C o n d u c t i v i t y  measurements gave no i n d i c a t i o n  o f  s o l u t i o n  d e t e r i o r a t i o n ,  
a s  t h e r e  were s u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  n a t u r e  o f  t h e  aluminum 
e l e c t r o d e p o s i t s  from s o l u t i o n s  o f  s i m i l a r  c o n d u c t i v i t y  ( s e e  Table  11, 
n i c k e l  and z i n c ,  f o r  example).  
2 .3 .8  CATHODIC CURRENT EFFICIENCY 
Reduc t ion  of anod ic  c u r r e n t  e f f i c i e n c y  d u r i n g  e l e c t r o l y s i s  o f  t h e  
s t a n d a r d  APS through t h e  u s e  o f  i n e r t  o r  p a r t i a l l y  i n s o l u b l e  anodes 
was a l s o  r e f l e c t e d  i n  t h e  c a t h o d i c  c u r r e n t  e f f i c i e n c y .  As t h e  anode 
became more i n e r t ,  t h e  c a t h o d i c  c u r r e n t  e f f i c i e n c y  g e n e r a l l y  decreased .  
On t h e  o t h e r  hand,  t h e  q u a n t i t i e s  of nonaluminum i o n s  o r  p a r t i c l e s  
would appear  t o  have no s u p p r e s s i n g  e f f e c t  on c a t h o d i c  e f f i c i e n c y .  The 
predominant e f f e c t  was t h a t  t h e  i n e r t  anodes had h i g h  p o l a r i z a t i o n  
( n o t e  t h e  h i g h e r  c e l l  v o l t a g e  f o r  N i  a s  compared t o  A l ) .  A t  h i g h e r  
v o l t a g e s ,  t h e  decomposi t ion o f  t h e  s o l v e n t s  and /or  o r g a n i c  s p e c i e s  
o c c u r r e d  a t  b o t h  e l e c t r o d e s  i n  c c n j u n c t i o n  w i t h  t h e  c o r r o s i o n  o f  t h e  
anode and t h e  d e p o s i t i o n  of t h e  aluminum a t  the  c a t h o d e .  The propor-  
t i o n s  o f  t h e  p l a t i n g  c e l l  c u r r e n t  t h a t  went i n t o  decomposi t ion o f  o r -  
g a n i c  s p e c i e s  and s o l v e n t  molecules  appeared t o  be d i r e c t l y  r e l a t e d  t o  
anod ic  and c a t h o d i c  p o l a r i z a t i o n s ,  b u t  t h i s  i s  n o t  c o n c l u s i v e .  
2 . 4  LONG-TERM BATH STABILITY TESTS 
2 . 4 . 1  TEST CONDITIONS 
Long-term b a t h  s t a b i l i t y  was e v a l u a t e d  by s u b j e c t i n g  a  f i x e d  volume 
(1000 ml)  o f  p l a t i n g  s o l u t i o n s  t o  t h e  fo l lowing  t e s t  c o n d i t i o n s .  
a .  P l a t i n g  10-mil  specimens c o n s e c u t i v e l y  u n t i l  no c o h e r e n t  
aluminum can be  e l e c t r o d e p o s i t e d .  
b. Plating 10-mil specimens consecutively, but adding a fixed 
quantity of LiAlH after each plating, until no coherent 
aluminum can be e 't ectrodeposited. A continuous addition 
process is possible when the amount of LiAlH is optimized 
through intermittent addition. 4 
An electroformed 5 x 15-cm flat aluminum specimen was obtained from 
each plating. 
Long-term bath stability tests on the following six plating baths were 
run : 
1 and 2. Standard aluminum plating baths (APS), i.e., 3.4M 
aluminum chloride and 0.35M LiAlH in diethyl ether 4 
solution, with and without LiAlH addition. 4 
3 and 4. 0.125M pyridine in APS with and without LiAlH addition. 4 
5 and 6. 0.0625M pyridine in APS, with and without LiAlH 
addition. 4 
Each bath was subjected to approximately 60 ampere-hours of electrol- 
ysis. Addition of LiAlH was made at 20 ampere-hours, at a rate of 4 
0.0012M or 0.045 gm ampere-hours of electrolysis. No apparent sign 
of deterioration was observed in these baths, with the exception of 
the APS with 0.125M pyridine. A brittle deposit was obtained from 
this bath at the very beginning. It is evident that the pyridine con- 
tent of the bath has a very narrow and critical range. In order to 
obtain good aluminum deposits, the concentration of pyridine must be 
controlled very close to 0.10M. Gassing from the anode had been ob- 
served in all six test cells. 
No attempt was made to control bath temperatures, and the steady state 
0 
temperature was observed to be about 36 C. Frequent addition of anhy- 
drous diethyl ether was necessary to replenish the loss of the solvent 
due to evaporation. It is known that variation in temperature can 
change the mechanical properties of electrodeposits; also, the necessary 
f r e q u e n t  a d d i t i o n  o f  d i e t h y l  e t h e r  can b r i n g  i n  a  s i g n i f i c a n t  amount 
o f  m o i s t u r e  ( 0 . 1  p e r c e n t  i n  "anhydrous" e t h e r )  which r e a c t s  w i t h  t h e  
LiAlH4. T h e r e f o r e  e r r o r  was i n t r o d u c e d  i n t o  t h e  LiAlH a d d i t i o n s  f o r  4  
r e j u v e n a t i o n .  
2.4.2 PYRIDINE AND LiA1H4 CONTROL 
A  s t u d y  was made t o  o p t i m i z e  t h e  o p e r a t i n g  paramete rs  o f  t h e  p y r i d i n e  
b a t h .  S o l u t i o n s  w i t h  p y r i d i n e  c o n c e n t r a t i o n  of 0.125, 0.115, 0.105, 
0.095, 0.090, 0 .085  and 0.075 molar were p repared  and e l e c t r o l y z e d  a t  
2 21.5,  16.15 and 10.75 m ~ / c m  , r e s p e c t i v e l y .  I t  was found t h a t  t h e  
b e s t  d e p o s i t ,  on a  p l a t e  s t r u c t u r e  b a s i s ,  was o b t a i n e d  a t  a  c o n c e n t r a -  
2  
t i o n  o f  0.090M and a  c u r r e n t  d e n s i t y  o f  16.15 rn~/cm . A d d i t i o n s  o f  
LiAlH t o  t h e  above s o l u t i o n  d i d  n o t  improve t h e  q u a l i t y  of t h e  d e p o s i t .  4 
Porous b r i t t l e  d e p o s i t s  were observed when L i A l H  c o n c e n t r a t i o n  exceeds  4  
2 . 4 . 3  TEMPERATURE CONTROL 
During t h e  t h r e e  e l e c t r o l y s i s  runs  (Nos. 11, 12 and 1 3 ) ,  i t  was ob- 
s e r v e d  t h a t  t h e  t empera tu re  i n  t h e  b u l k  o f  t h e  s o l u t i o n  and t h e  tempera- 
t u r e  on t h e  ca thode  s u r f a c e  were d i f f e r e n t  d u r i n g  e l e c t r o l y s i s .  The 
magni tude o f  such  d i f f e r e n c e  i s  dependent upon the  c o n f i g u r a t i o n  o f  t h e  
e l e c t r o d e  assembly,  t h e  geometry o f  t h e  t e s t  c e l l ,  and t h e  c i r c u l a t i o n  
and /or  a g i t a t i o n  of e l e c t r o l y t e .  
2 . 5  FURTHER BERYLLIUM PLATING SOLUTION STUDIES 
2.5 .1  BERYLLIUM DIALKYLS 
The e x p e r i m e n t a l  e f f o r t  was c o n c e n t r a t e d  on t h e  b e r y l l i u m  d i a l k y l s  
because  they a r e  v e r y  s o l u b l e  and s t a b l e  i n  e t h e r s ,  t h e i r  p r e p a r a t i v e  
and c h a r a c t e r i z a t i o n  t echn iques  a r e  f a i r l y  w e l l  known, and t h e y  a r e  
p r e c u r s o r s  t o  t h e  o t h e r  c l a s s e s  o f  organo b e r y l l i u m  compounds. 
Three batches of diethyl beryllium were prepared from the reaction: 
2C H MgBr + BeC12 2 5 Et2g(~2~5)2~e + 2 MgBrC1. Yields of diethylberyl- 
lium were generally about 60 mole percent based upon BeCl used. To 2 
obtain yields this high the reaction sludge had to be extracted with 
a hydrocarbon solvent such as hexane at the stage just prior to ether 
removal by distillation. The extraction removed the diethylberyllium 
from the sludge before it solidified into an intractable mass. 
2.5.2 DITERTIARY-BUTYLBERYLLIUM 
Three batches of diter tiary -buty lbery llium were prepared from the 
reaction: 
Yields from this reaction were about 30 mole percent, based on BeCl 2 
used. The ether was removed under vacuum at room temperature rather 
than by distillation and the reaction mixture was extracted with hexane 
before the ether was completely removed. The vacuum distillation of 
the hexane extract at 75 to 85'~ (0.001 mm Hg) was complicated by the 
deposition of large quantities of salt (possibly MgBrC1) as the last 
traces of ether were removed. A considerable amount of [(CH ) c]Be 3 3  2 
was pyrolyzed to either BeH or (CH ) CBeH, both of which are non- 2 3 3 
volatile. A crystalline sublimate was observed in the side arm of 
the distillation apparatus, but attempts to recover it proved fruit- 
less, as the material decomposed vigorously when exposed to :he dry- 
box atmosphere. This sublimate may have been tertiary-butylberyllium 
chloride. 
Ditertiary-butylberyllium distills as an etherate of nonstoichiometric 
composition. To determine the ratio of beryllium alkyl to diethylether, 
NMR spectra of the neat distillates were taken. By integration of the 
areas of the methyl resonances of diethylether and the methyl resonances 
of  d i t e r t i a r y - b u t y l b e r y l l i u m  the  E t  O / t - B U  Be r a t i o  was determined t o  2 2  
an accuracy of 32 percent .  The r e s u l t s  of these  measurements and t h e  
chemical s h i f t s  of t h e  t e r t i a r y - b u t y l  protons a r e  shown i n  Table 111. 
TABLE I11 
RATIO OF DIETHYLETHER ASSOCIATED WITH 
DITERTIARY-BUTYLBERYLLIUM 
CH3Et20 CH3+Bu C H ~ E ~ ~ ~ / C H ~ + B U  T  
Batch Area Area Formula Ippm) 
fBu Be. 0.7Et20 2  
2  43 118 431118 = 0.36 fBu Be. 1. 0Et20 2  9.10;'; 
I n t e r n a l  Me4Si r e f e rence  
+ Externa l  Me4Si r e f e rence  
I n  a l l  t h r e e  ba tches  t he  t e r t i a r y - b u t y l  proton resonance was a  sharp  
s i n g l e t ,  i n d i c a t i n g  the  d i s t i l l e d  products contained only d i t e r t i a r y -  
bu ty lbery l l ium e t h e r a t e .  
2.5.3 NMR STUDIES OF DITERTIARY-BUTYLBERYLLIUM 
Some pre l iminary  NMR s t u d i e s  were made on the r e a c t i o n :  
t o  s e e  whether k i n e t i c  s t u d i e s  could be made. A s o l u t i o n  of BeCl Et 0  2  2  
was introduced i n t o  a  c a p i l l a r y  which was placed i n  an NMR tube con- 
t a i n i n g  an e the r  s o l u t i o n  of (CH ) CMgBr. The contents  were frozen i n  3  3  
l i q u i d  n i t rogen  and the  tube was evacuated and sea led  o f f .  When t h e  
contents  thawed, they were mixed v igorous ly  and NMR measurements s t a r t e d .  
The f i r s t  scan taken immediately a f t e r  mixing showed only the  protons 
o f  (CH3)3CMgBr. A f t e r  f i v e  minu tes  t h e  resonance  f o r  [(CH ) ] Be 3  3  2  
appeared 5 cps  u p f i e l d  from (CH ) CMgBr. 3  3 
The two peaks were o f  approx imate ly  equa l  a r e a .  A f t e r  30 m i n u t e s ,  t h e  
(CH3)3CMgBr resonance  had d i sappeared  and on ly  t h e  [(CH ) C ]  Be r e s o n -  3 3  2  
ance  remained.  These r e s u l t s  i n d i c a t e  t h a t ,  w i t h  s o l u t i o n s  o f  known 
c o n c e n t r a t i o n ,  q u a n t i t a t i v e  k i n e t i c  measurements can  be  made and t h e  
n a t u r e  of r e a c t i o n  i n t e r m e d i a t e s  may be  de te rmined .  
An a t t e m p t  was made t o  p r e p a r e  e i t h e r  f r e e  d i t e r t i a r y - b u t y l b e r y l l i u m  
by a  p rocedure  d e s c r i b e d  by Head, Hol ley and Rabideau (J.A.C.S. 7 9 ,  
3687 (1957) ) .  
A sample of d i t e r t i a r y - b u t y l b e r y l l i u m  e t h e r a t e  was mixed w i t h  s u f f i -  
c i e n t  BeCl t o  remove one mole of e t h e r  from one  mole of d i t e r t i a r y -  2  
0 b u t y l b e r y l l i u m .  The m i x t u r e  was s t i r r e d  w i t h  warming a t  abou t  40 C 
o v e r n i g h t .  As soon a s  t h e  r e a g e n t s  were mixed an  immediate r e a c t i o n  
occur red  w i t h  t h e  p r e c i p i t a t i o n  of a  g rey  s ludge  (probably  b e r y l l i u m  
0 
m e t a l ) .  The subsequent  vacuum d i s t i l l a t i o n  a t  75 - 8 5 ' ~  y i e l d e d  a  
c r y s t a l l i n e  s u b l i m a t e ,  n o n v o l a t i l e  r e s i d u e ,  and a  smal l  amount of 
d i s t i l l a t e .  An NMR spectrum o f  t h e  d i s t i l l a t e  showed t h a t  e t h e r  was 
p r e s e n t  and a t  l e a s t  t h r e e  t e r t i a r y - b u t y l  r esonances  were d e t e c t e d .  
Apparen t ly  t h i s  r e a c t i o n  i s  more complicated t h a n  i s  i n d i c a t e d  i n  t h e  
l i t e r a t u r e .  F u r t h e r  s t u d y  might l ead  t o  t h e  p r e p a r a t i o n  o f  e t h e r - f r e e  
2 . 5 . 4  ALKYLBERYLLIUM HALIDES 
No p r e p a r a t i o n s  o f  compounds w i t h  t h e  formula RBeX, where R = A l k y l ,  
and X = C 1  o r  B r ,  were  made, b u t  t h e  r e a c t i o n  [(CH ) C ]  Be + BeCl 
E t20  3 3  2  2  
- @2(CH ) CBeCl was c a r r i e d  o u t  i n  a n  NMR tube  i n  t h e  same manner a s  3  3 
d e s c r i b e d  above f o r  t h e  p r e p a r a t i o n  of ditertiary-butylberyllium. A 
s c a n  t aken  a t  t h e  t ime of  mixing and a n o t h e r  s c a n  t e n  minutes  l a t e r  
showed no change i n  p o s i t i o n  o r  number of t e r t i a r y - b u t y l  resonances.  
0 Af te r  s tanding  four  days a t  25 C t he  mixture  was scanned aga in  and a  
s i n g l e  t e r t i a r y - b u t y l  resonance was observed 4  cps downfield from the  
[(CH ) C ]  Be resonance. The t e r t i a r y - b u t y l  resonance d id  no t  s p l i t  3 3  2 
0 
when t h e  mixture was cooled t o  t he  f r eez ing  po in t  of e t h e r  (-116 C). 
I f  i nduc t ive  e f f e c t s  i n f luence  the  chemical s h i f t  of the  t e r t i a r y -  
b u t y l  protons ( s e e  Kover and Morgan, J.A.C.S. 91, 7269 (1969)) then 
(CH ) C BeCl may have been formed. 3 3 
2.5.5 ALKYLBERYLLIUM HYDRIDES 
Two ba tches ,  t o t a l l i n g  approximately 3 grams of NaBe(C H ) H were pre-  
Et20 2  5  2  
pared by t h e  r e a c t i o n  NaH = (C H ) Be ---) NaBe(C H ) H-X(C2H5)20. 2 5 2  2 5 2  
A mixture of approximately 0.25 mole of E t  Be and 2.0 moles of NaH was 2  
s t i r r e d  i n  d i e t h y l e t h e r  (100 ml) a t  r e f l u x  f o r  24 hours .  The mixture 
was f i l t e r e d  t o  remove unreacted NaH and t h e  product was recovered by 
removing the  e t h e r ,  under vacuum. The product was a  s t i c k y  whi te  s o l i d ,  
i n d i c a t i n g  some unreacted d i e thy lbe ry l l i um was p re sen t .  The product 
was e x t r a c t e d  w i t h  hexane and f i l t e r e d ;  a  dry whi te  s o l i d  was obtained.  
0 The product did not  melt  ( l i t  .m.p. 257 '~)  but  a t  about 275 C turned 
brown and d i e thy lbe ry l l i um c o l l e c t e d  on the  cool  po r t ion  of  t he  mel t ing  
po in t  tube. No f u r t h e r  c h a r a c t e r i z a t i o n  was made. 
One ba tch  of LiBe(C H ) H was made by the  r eac t ion  2 5 2  
The r e a c t i o n  condi t ions  and workup were the same a s  f o r  t he  sodium s a l t ,  
bu t  t he  f i n a l  product was a  c l e a r  l i q u i d .  Even a f t e r  a d d i t i o n a l  hea t ing  
0 
a t  50 C f o r  two days under vacuum, the  product remained a  c l e a r  v i scous  
l i q u i d .  
An NMR spectrum of this liquid showed the presence of diethyl ether 
(CH3 centered at T s 8.4 ppm) and another broad methyl resonance 
centered at T = 8.1 ppm. The methylene resonance is a complex multi- 
plet suggesting two overlapping quartets. If the broad methyl triplet 
can be assigned to ethylberyllium, and the methylene region consists 
of CH resonances of both diethylether and diethylberyllium, then the 2  
conclusion may be made that the liquid product is not diethylberyllium 
etherate. The NMR spectrum of diethylberyllium shows the methylene 
protons upfield from the methyl protons. Until further characteriza- 
tion can be made the product is presumed to be LiBe(C H ) H . ( C  H ) 0 .  2 5 2  2 5 2  
SECTION 3  
CONCLUSIONS 
With t h e  hexane e x t r a c t i o n  technique,  l a r g e  volumes of bery l l ium 
p l a t i n g  s o l u t i o n s  wi th  high concent ra t ions  of d i e t h y l  bery l l ium were 
prepared. The r e s u l t s  on e l e c t r o l y z i n g  t h e  l a r g e r  ba th  of high con- 
c e n t r a t i o n s  y ie lded  only very d isappoin t ing  th i ck  b lack  powdery d e p o s i t s .  
The bery l l ium content  of p la ted  samples increased  from 31 percent  t o  
59 percent  ( t e s t  Nos. 2  and 3) i n  t he  depos i t  upon success ive  e l e c t r o l -  
y s i s  of  the  same s o l u t i o n .  Decreasing te t rahydrofuran  t o  d i e t h y l  e t h e r  
r a t i o  from 2  t o  0 .5  increased  the  bery l l ium content  from 52.2 percent  t o  
61 percent  i n  t he  depos i t .  The depos i t  wi th  t he  h ighes t  bery l l ium con- 
t e n t  (61 percent )  was obtained from a  ba th  conta in ing  two p a r t s  of d i -  
e t h y l  bery l l ium-e ther  complex, 2.8M BeCl e t h e r e a l  s o l u t i o n  t o  one p a r t  2 
of t e t r ahydro fu ran  ( t e s t  No. 7 ) .  On the  work done on e l e c t r o l y z i n g  
bery l l ium c h l o r i d e  d isso lved  i n  var ious  organic  s o l v e n t s ,  no improve- 
ment upon the  q u a l i t y  of the  d e p o s i t s  was noted.  
I n  o rde r  t o  o b t a i n  good aluminum d e p o s i t s ,  the pyr id ine  concent ra t ion  
2  had t o  be maintained a t  0.090M and a t  a  cu r r en t  dens i ty  of 16.15 mA/cm . 
LiAlH concent ra t ion  could not  exceed 0.5M. I t  i s  a l s o  apparent  t h a t  4 
the  ba th  temperature should be c o n t r o l l e d ,  bu t  no work was done i n  t h i s  
a r e a .  I n  order  t o  ob ta in  a  c o r r e l a t i o n  between the  cathode su r f ace  
temperature and bulk s o l u t i o n  temperature,  experimental runs  must be 
performed using a  thermometer t o  d e t e c t  t he  bulk s o l u t i o n  temperature 
and thermocouples t o  d e t e c t  the  cathode sur face  temperature.  Once a  
c o r r e l a t i o n  has been e s t a b l i s h e d ,  the more r e a d i l y  ob ta inab le  bulk 
temperature can be monitored in s t ead  of  the cathode su r f ace  temperature,  
and can be appl ied  t o  d i f f e r e n t  conf igura t ions  of e l e c t r o d e  assembly, 
geometry of t e s t  c e l l s ,  and the  c i r c u l a t i o n  and/or  a g i t a t i o n  of e l e c t r o -  
l y t e ,  depending upon the magnitude of such d i f f e r e n c e s ,  
I n  t he  study of  a l l o y i n g  e f f e c t s  us ing  nonaluminum anodes on the  
e l e c t r o d e p o s i t i o n  of aluminum, none of t h e  r e s u l t s  favorably compared 
t o  those obtained from aluminum anodes. I n  a l l o y i n g  Mg, a t tempts  could 
be made t o  in t roduce  MgBr2 a t  d i f f e r e n t  s t ages  of e l e c t r o l y t e  prepara-  
t i o n s ,  such a s  be fo re  t h e  a d d i t i o n  of L i A l H  t o  the aluminum c h l o r i d e  4 
e t h e r e a l  s o l u t i o n .  This was not  done on t h i s  c o n t r a c t .  
The nuc lea r  magnetic resonance (NMR) s t u d i e s  of d i - t e r t i a r y - b u t y l -  
bery l l ium i n d i c a t e  t h a t ,  with s o l u t i o n s  of known concen t r a t ion ,  q u a n t i -  
t a t i v e  k i n e t i c  measurements can be made and t h e  na tu re  of r e a c t i o n  
in t e rmed ia t e s  may be determined. I t  a l s o  seems poss ib l e  t h a t  a n  e t h e r -  
f r e e  ~ ( C H  ) c 1 Be can be prepared by mixing d i - t e r t i a r y - b u t y l b e r y l l i u m  3 3  2  
wi th  BeC12. These NMR s t u d i e s  show t h a t  many p o s s i b i l i t i e s  a r e  y e t  t o  
be uncovered. 
